Abstract
Abstract
Stereotypies are most common in animals housed in barren and or 46 spatially restricting cages, and are generally considered indicative of 47 poor welfare (Mason, 1991a; 1991b; Mason and Rushen, 2006) . 48 Understanding the proximate and ultimate causes of stereotypies is 49 an important area of pure and applied ethological research (Mason 50 and Rushen, 2006) . However, progress is limited by the crude and 51 time-consuming methods currently employed for quantifying 52 stereotypic behaviour. Our aim in this paper is to apply and 53 compare two novel methods for identifying patterns in an animal's 54 use of space. We argue that these methods could be sensitive, 55 easily automated methods for objectively quantifying route-tracing 56 locomotor stereotypies. 57
The development of stereotypic behaviour patterns in caged 58 animals is characterized by four stages: first, ritualisation, in which 59 behaviour becomes less variable; second, emancipation, in which a 60 behavioural sequence is elicited by progressively more 61 environmental stimuli; third, establishment, in which the sequence 62 becomes more difficult to reverse; and finally, escalation, in which 63 the sequence begins to take up progressively more of the animal's 64 time (Meehan et al., 2004) . It would be useful to be able to identify 65 vulnerable animals during the first ritualisation stage, before 66 behavioural sequences become difficult to reverse. However, 67 quantification of flexible behaviour patterns can be difficult, 68 particularly in the case of route-tracing stereotypies, where 69 ritualisation is characterized by a gradual reduction in the variability 70 of the route the animal traces around its cage . 71 Current techniques for quantifying stereotypies involve 72 counting individual incidences of complete iterations of a 73 stereotypy, such as a circuit around a cage, or an abnormal 74 behavioural event such as a somersault. Defining these sequences 75 of behaviour objectively can be difficult, and often relies upon a 76 subjective judgement as to whether a behaviour sequence is 77 abnormal in quality or quantity (Mason, 1991a; Würbel, 2002 
Methods

247
Subjects and husbandry 248
The subjects were eight starlings (four males and four females) 249 caught from the wild under license from Natural England. Four of 250 the birds designated as "juveniles" were caught in the summer of 251 their first year, whereas the other four "adults" were at least one 252 year of age at the time of catching. Both sex and age were 253 counterbalanced for position in the laboratory and time of 254 behavioural recording. The light:dark cycle was maintained at 14:10 hours. At all 267 times, other than those described below, the subjects had ad 268 libitum access to Purina kitten food, supplemented with fruit and 269 mealworms (Tenebrio larvae). Drinking water was available at all 270 times. 271
The birds were subject to daily learning task trials associated 272 with another study. These trials involved cleaning of the cages at 273 08:00 followed by 2 h of food deprivation and guano collection, 274 
Abnormal repetitive behaviour (events)
Head-tilt The bird tilts its head back such that its bill breaks the vertical plane. Each time the head was brought down and then the bill again passed through the vertical plane was counted as a separate tilt.
Unbalance Any wing movement required to correct the bird's posture back to upright once it had tilted its head/body backwards.
Somersault A somersault was defined as the subject leaving the floor/perch and its feet passing over its head (unless it held on to the ceiling during the motion).
Location (states)
Left wall Water bath Bird perched on or in a shallow circular dish filled with water.
Floor Bird anywhere on the floor of the cage not containing the food bowl, foraging tray or water bath. To establish whether the pattern metrics could be used to 391 predict the emergence of stereotypic behaviour in particular 392 subjects, we categorised them into somersaulting and non-393 somersaulting individuals. We used a General Linear Model with 394 week number as a within-subjects factor and somersaulting 395 behaviour as a between-subjects factor to conduct univariate and 396 multivariate analyses. Since many of the variables were correlated, 397 changes in behaviour patterns over time were analysed using a 398 doubly multivariate analysis. All behavioural measures were 399 screened individually for time effects using a univariate analysis 400 where time (weeks 1-6) was a within-subjects factor. Only those 401 variables that were statistically significant were included in the 402 multivariate analysis. 403 404 405
Results
407
Do different abnormal behaviours correlate with each other? 408
Since only three of our eight birds performed somersaults, it was 409 first necessary to establish whether there was any connection to 410 discrete behaviours we recognised as stereotypic or abnormal that 411
were performed by more of our subjects. The number of 412 somersaults (the most widely accepted and easily recognised 413 stereotypy in starlings) correlated significantly with the number of 414 unbalancing events (six out of eight birds performed unbalances), 415 which in turn correlated significantly with the number of head tilt 416 events (seven out of eight birds performed head tilts) (see Fig. 1  417 and Table 2 ). The number of somersaults also correlated 418 significantly with the proportion of time spent on the ceiling. 419
However, the number of head tilts correlated significantly with the 420 proportion of time spent on the cage walls. 421 422
Do pattern metrics correlate with abnormal behaviour? 423
We wanted to establish whether the pattern metrics computed using 424
Markov chain and T-pattern analysis as well as general activity level 425 correlated with number of somersaults. Since only three birds 426 performed somersaults (resulting in a high number of tied ranks), 427 we also examined the correlation of the pattern metrics with the 428 other abnormal repetitive behaviours and abnormal perching 429 locations (which were performed by more subjects and showed 430 moderate to high levels of inter-correlation). 431
The pattern metrics computed using T-pattern and Markov 432 chain analysis all correlated significantly with at least two measures 433 of abnormal behaviour/location (see Fig. 1 and Table 3 all) of the variance in abnormal behaviour (Table 4) . Overall activity 456 explained no significant variance in abnormal behaviour above and 457 beyond the variance explained by the pattern metrics. 458 459
How does behaviour change over time? 460
Next, we examined whether there was any change in the various 461 behavioural measures (including "normal" behaviours, abnormal 462 behaviours, pattern metrics and activity levels) over the course of 463 the six-week observation period. Additionally, we asked whether 464 there was a significant difference between subjects that developed a 465 somersaulting stereotypy and those that did not (see Fig. 2a which group means differ significantly from others, Bonferroni-480 corrected univariate tests are presented in Fig. 2 (b-f) . The 481 proportion of time spent on the food bowl and sequential 482 dependency scores increased over the six-week period whilst 483 proportion of time spent on the cage walls decreased. 484
Somersaulting birds spent longer on the cage walls and had a 485 higher number of T-patterns. Somersaulting birds also had higher 486 sequential dependency scores in some but not all weeks, reflected 487 by the interaction effect of week and somersaulting. Somersaulting 488 and week effects on head tilting and number of T-patterns were not 489 significant in univariate testing when the Bonferroni correction was 490 applied. 491 492 493
Discussion
495
Main findings 496
The behavioural scores for recognised stereotypies (number of 497 somersaults) and putative related abnormal behaviours (number of 498 head tilts; number of unbalances; proportion of time spent on the 499 walls and ceiling) are all moderately to highly correlated with each other in our caged starlings (Table 2 ). Though we recognise that 501 these findings derive from a small sample, we regard them as 502 suggestive evidence that these behaviour patterns are functionally 503 related, perhaps via escape motivation. We therefore used these 504 behaviours as a standard of abnormal behaviour against which to 505 validate our novel pattern detection methods. The application of the 506 pattern metrics (derived from Markov chains and T-pattern 507 analysis) for objectively quantifying route-tracing stereotypic 508 behaviour is supported by strong correlations between these 509 metrics and the measures of stereotypic and abnormal behaviour 510 established above (Table 3) . 511
The high level of correlation between the pattern metrics, the 512 established measures of abnormal behaviour and the general 513 activity levels of the birds suggests a single underlying cause. It is 514 important to establish whether all of our behavioural measures are 515 simply different proxies for activity. Stereotypic behaviour has been 516 previously linked to activity (Hansen and Jeppesen, 2001 ; Vickery 517
and Mason, 2004) , and has been hypothesised to be an active 518 response to an eliciting stimulus (Mason, 1991b ). Higher activity 519 levels translate directly into longer sequences of locations from 520 which to calculate the pattern metrics. Statistically, a longer 521 sequence would result in more patterns than a shorter sequence, 522 even if sequences were random. However, our regression analyses 523
show that the pattern metrics explain high levels of variance in the 524 scores of abnormal behaviour, above and beyond that explained by 525 overall activity. This is particularly the case for the T-pattern 526 metrics, which are better predictors of abnormal behaviour than the 527 sequential dependency scores derived from Markov chain analysis. 528
None of the final regression models used to predict abnormal 529 behaviour included activity level as a significant predictor variable 530 (Table 4) . Pattern metrics therefore explain more variance in the 531 standard measures than activity levels, and we can be confident 532 that T-pattern analysis (and to a lesser extent Markov chain 533 analysis) are not merely detecting differences in the overall amount 534 of behaviour performed. 535
Pattern metrics, abnormal behaviour scores and other 536 behaviours showed changes over the six-week time course of the 537 experiment that differed between somersaulting and non-538 somersaulting birds. However, since somersaulting appeared as 539 early as the second session of behavioural recording we were 540 unable to test whether the pattern metrics could be used to predict 541 which individuals would develop stereotypies in the future. We 542 believe that the pattern metrics we used have the potential to 543 predict the development of stereotypic behaviour, but in order to 544 study this in captive starlings it would be necessary to record 545 behaviour more often during the first two weeks of caging before 546 somersaulting emerges. 547
Birds showed no consistent increase in somersaulting across 548 the six-week observation period (Fig. 2a) Theme has a suite of parameters that are set by the experimenter. 623
The two of greatest importance are probably α (the level of 624 significance for accepting a behaviour as occurring within the 625 confidence interval by chance) and N min (the minimum number of 626 times a T-pattern must be detected in order to be counted). involving two events but in reversed order such as A-B and B-A) 640 and reduced the large levels of variance between individuals (since 641 activity levels were similarly highly variable). The Theme manual 642 (Magnusson, 2004) suggests that N min is generally set to 3 (i.e. a 643 pattern has to occur a minimum of 3 times in order to be kept) or 644 "median" (the median of the overall frequency of events 
